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Confirmation of t h i s  general  r e l a t i o n  is provided by t h e  r e l a t i v e l y  
deeply eroded exposures of f a u l t  zones i n  the  San Andreas system, which 
show typ ica l ly  very wide b e l t s  of crushed rock o r  gouge. 
ist ics der ive  i n  p a r t  from t h e  l a r g e  numbef of f a u l t i n g  events and t h e  
g r e a t  amount of t o t a l  s t r a in  t h a t  r e l a t i v e l y  old rocks i n  the  f a u l t  

These character-  

Kinds of complex f a u l t  p a t t e r n s  

Geometric complexity of f a u l t i n g  at  t h e  surface  arises both from 
branching of continuous breaks and from en echelon d i s con t i nu i t i e s .  
Branching of s u r f i c i a l l y  simple and continuous f a u l t s  is a s p e c i a l  case ., 

where general ly  downward s impl i f i ca t ion ,  perhaps i n t o  a s i n g l e  s l i p  'sur-  
f a c e  a t  depth, is not implied. Beyond t h e  point  of branching, with : .  ~ 

appropriate geometry a t  t h e  surface ,  t h a t  t h e  two f a u l t s  maintain t h e i r  
separate  i d e n t i t y  a t  depth general ly  can be expected. This case  w i l l  not 
be discussed f u r t h e r  here,  s ince  each branch may separate ly  be consider+ 
a s  a s i n g l e  f a u l t  or f a u l t  zone. En echelon pa t t e rn s  of f a u l t s  c r e a t e  
apparent complexity of more d iverse  kinds.  Such pattert ls  can 'be  cate-', . ' 

gorized according t o  t h e i r  s i z e ,  the  sense of stepover relat ive t o  t h e .  ~ ":, 
sense of hor izon ta l  s l i p ,  and a l s o  according t o  whether beyond t h e  l i m i t s  
of t h e  en echelon overlap t h e  s i n g l e  emerging s t rands  a r e  approximately 
aligned or are s i g n i f i c a n t l y  misaligned. 
gor ies  and examples of 'them. 

'' 
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Table 1 summarizes these cate-  
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Table 1. Categories of en echelon f a u l t s .  

Small s ca l e ,  opposite stepover sense, out of l i n e .  

Large sca l e ,  opposite stepover sense, out of l i n e .  

Small s ca l e ,  same stepover sense,  out of l i n e .  

Large sca l e ,  same stepover sense, out of l i n e .  , 

Small s ca l e ,  opposite stepover sense, i n  l i ne .  

Large sca le ,  opposite stepover sense, i n  l i n e .  

Small sca le ,  same stepover sense, i n  l i n e .  

Large sca l e ,  same stepover sense, i n  l i n e .  

' Examples: 

Very common a t  many places  on San Andreas (see 
Wallace, 1973). Commonly observed a t  very small 
sca le  ( f r ac t ion  t o  few meters) i n  earthquake 
surface rupture  pa t te rns .  

Fa i r ly  uncommon. Coyote Creek f a u l t  San Jac in to  
20118 a t  Ocot i l lo  Badlands, Ca l i f .  

Very common i n  San Andreas system--common s i tua-  
t ion  fo r  sag ponds. 

Common i n  some p a r t s  of San Andreas system--Gulf 
of Cal i fornia  s i t u a t i o n  fo r  l a rge  grabens San 
Jac in to  Valley. 

Comon. Dead Sea r i f t ,  12-16 km wide (Quennell, 
1956). 
border. 

No examples known. 

Uncommon. 

No examples known. 

1940 Imperial Valley surface rupture  a t  

1940 Imperial Valley surface rupture.  

To place these va r i ab l e s  i n  perspective,  f u r t h e r  explanation should 
be made t o  r a t i ona l i ze  t h e i r  s ign i f icance  t o  the  problem. Small-scale 
examples of en echelon f au l t i ng ,  recorded e i t h e r  geological ly ,  geo- 
morphically, or a s  cases of h i s t o r i c  surface rupture ,  here a re  taken a s  
models of what possibly happens a t  g rea t e r  dimensions, including those 
comparable t o  f o c a l  depths. 
these  f a u l t  pa t te rns  has been observed f o r  s t r i ke- s l ip  f a u l t s  sugges ts  
t ha t  t h e i r  comparison is j u s t i f i e d ,  a t  l e a s t  a s  a q u a l i t a t i v e  approxima- 
t ion .  Small en echelon f ea tu re s  produced during earthquakes a re  
espec ia l ly  revealing of f a u l t  geometry with depth i f  they a r e  inc ip ien t  
(displacement- 0) or i f  t h e  displacements a r e  on the order of 1-2 
meters. In  examples of the  l a t t e r ,  the extensional f i s s u r e s  a re  opened 
s u f f i c i e n t l y  so t ha t  the character of the  vert ical  changes i n  the  
gems t ry  may be v i s i b l e  from the  ground surface,  or they can be physically 
entered. With l a rge r  surface displacement (> - 3 m) i n  a s ing le  event, these 

That a continuous gradation i n  s i z e  of 
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geometric f e a t u r e s  of en echelon s t r i k e- s l i p  rup ture  are mostly destroyed, 
a t  least i n  a l l u v i a l  or o ther  young s u r f i c i a l  deposi ts .  
a r t i f i c i a l  exposure of f a u l t s  a l s o  provide da t a  on t h e  depthwise geometry 
of t h e  s t r u c t u r e s .  I f  the  d i s tance  between such observations is  small, 
the  geometric i n t e r r e l a t i o n s  of t h e  f a u l t s  can be worked out with con- 
s iderab le  accuracy. Trenching of f a u l t s  i n  a l l u v i a l  materials is par- 
t i c u l a r l y  use fu l  i n  working out t h e  geometry of f a u l t  surfaces .  

Natural  and 

Sense of stepover i s  important because it def ines  whether the  body 

By sense of stepover being t h e  same or  opposite,  I 
of material ly ing between the  en echelon f a u l t s  i s  i n  a compressional o r  
extensional  regime. 
mean t h a t  l e f t - l a t e r a l  f a u l t s  s t ep  over t o  the  l e f t ,  and s o  on through 
t h e  four p o s s i b i l i t i e s  f o r  both r igh t-  and l e f t- s l i p  f a u l t s .  

Alignment of t h e  f a u l t  a t  opposing ends of an en echelon overlap zone 
is  passive but suggestive evidence t h a t  at  depth the  f a u l t  might be con- 
tinuously near ly  l inear .  The scale of the  overlap then i s  approximately 
re la ted  t o  t h e  depth a t  which t h e  double break converges i n t o  a s i n g l e  
one. 

Origin of s u r f i c i a l l y  complex pa t t e rns  

Fault  movements a r e  generated by sudden displacements at  depth and 
propagate toward t h e  surface.  I n  previously broken rock, an i so t rop ies  
due t o  preexis t ing f r a c t u r e  surfaces  tend t o  guide new events of movement 
more o r  less along t h e  same surfaces  up t o  very near t h e  surface .  
area of a c t i v e  a l l u v i a l  accumulation, new and previously unbroken sediment 
may cap t h e  older f r a c t u r e s ,  o r  a l t e r n a t i v e l y ,  poss ible  readjustment of 
d e t r i t a l  g r a i n s  i n  t h e  near surface  by meteoric processes may have vir-  
t u a l l y  rehealed e a r l i e r  f r a c t u r e s .  
complexity of a t y p i c a l  s t r i k e- s l i p  surface  rupture  o r i g ina t e s  wi thin  a 
mantle of e i t h e r  previously unbroken or rehealed sediment. 
f a u l t  t r a c e  i n  a l l u v i a l  material i s  shown i n  Figure 1. 
rupture  of 1976 i n  Guatemala, as an example, general ly  resembled the  
pa t t e rn  on t h e  l e f t  s ide  of Figure 1 throughout i t s  230 km length  with 
only i so la ted  examples of t h e  p a t t e r n  on t h e  r i g h t  where recent  a l l u v i a l  
material had accumulated t o  unusually g r e a t  thickness.  

I n  an 

I n  e i t h e r  of these  cases,  much of t h e  

A t y p i c a l  
The Motagua f a u l t  

Some very unusual exposures of the  1976 Guatemalan f a u l t  rupture  
near Manzanotes revealed open en echelon cracks t h a t  converged downward 
t o  a s i n g l e  smooth and closed s l i p  surface  wi thin  1-2 meters of t h e  
ground surface.  
t h e  near ly  1 m of displacement t h a t  the  individual .extensiona1 en echelon 
cracks were opened h e l i c a l  f r a c t u r e s  with right-hand t w i s t .  
shows a block diagram with t h e  ou t l ine  of an open surface  crack shaded 
and with a s e r i e s  of c ross  sec t ions  t o  show how t h e  crack c loses  down- 
ward and how the  f r a c t u r e  d i p s  toward t h e  underlying v e r t i c a l  and closed 
f a u l t  surface .  A succession of extensional  cracks on both ends of t h i s  
example a l l  showed t h a t  the  smooth s l i p  surface  a t  approximately 1 meter 
depth w a s  shared by a l l  of t h e  open cracks.  
complexity, t h e  f a u l t  surface  w a s  s ing le ,  smooth, and very near ly  a v e r t i c a l  
plane wi thin  1 meter of the  ground surface .  
h e l i c a l  curvature i n  the  extensional  crack was t h e  thinness of a res idua l  
s o i l  which, although previously broken, had become rehomogenized by 

In these  examples i t  could be e a s i l y  seen because of 

Figure 2 

Thus, i n  s p i t e  of the  surface  

What produced such spectacular 
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weathering processes. 
broken. 

The mater ia l  behaved as though it was previously un- 

The Guatemalan example discussed above i s  probably not a devia t ion  from 
the  general  r u l e  f o r  ground ruptures  or  "mole t racks"  of s t r i k e - s l i p  f a u l t s  
but r a t h e r  an extreme example of t h e  downward geometric s impl i f ica t ion  com- 
pressed t o  a very small dimension. 
smooth f a u l t  sur face  at  a depth of 1 meter was noted i n  Japan during t h e  
Izu-Hanto-Oki earthquake of 1974 (Matsuda and Yamashina, 1974). We can sur- 
mise, but genera l ly  not  prove by d i r e c t  observations made t o  da te ,  t h a t  per-  
haps most en echelon extensional  cracks i n  a s t r i k e - s l i p  zone a r e  he l i ces  
whose p i tches  are va r i ab le ,  and i n  t h e  general  case, a f a u l t  i n  deep alluvium 
may not exhib i t  obvious curvature at  a l l ,  even though t h e  displacement might 
be la rge  enough t o  permit viewing t h e  i n t e r i o r  of t h e  f r a c t u r e  d i r e c t l y  from 
the  ground surface.  

A similar downward s impl i f ica t ion  t o  a 

The compressional f ea tu res  t h a t  terminate t h e  extensional  cracks i n  t h e  
s t r i k e - s l i p  event have not been i l l u s t r a t e d  i n  Figure 2 because of t h e i r  
complexity and nonuniformity of f r a c t u r e  p a t t e r n  when displacement i s  r e l a-  
t i v e l y  la rge .  
mater ia ls  t h e  pa t t e rns  evident i n  t h e  compressional zones appear t o  be more 
uniform, an example of which i s  shown i n  Figure 3 .  

Larger sca le  en-echelon pa t t e rns  

For very small, inc ip ient  s t r i k e - s l i p  movements i n  a l l u v i a l  

En echelon f a u l t  pa t t e rns  of la rge  dimension imply complexity of a 
f a u l t  zone t o  g rea te r  depth than t h e  "mole track" examples. 
Valley earthquake of 1940 which generated sur face  displacement on t h e  
Imperial f a u l t  provides a good example of an en echelon f a u l t  pa t t e rn  f o r  a 
s t r i k e - s l i p  event. 
surface d i scon t inu i t i e s  measured across t h e  t rend of the  f a u l t  is about 75 m 
(see Figure 4 ) .  
central  and eas tern  f a u l t  s t rands  might converge a t  r e l a t i v e l y  shallow deptb. 
The eas tern  break near i ts  northern terminus d ips  at  76 degrees toward t h e  
v e r t i c a l  c e n t r a l  break, indica t ing  downward convergence within only s l i g h t l y  
more than 0 .1  km depth. Trenching of t h e  western f a u l t  s t rand has not  been 
done but t h e  symmetrical arrangement and somewhat g rea te r  d is tance  between 
t h e  c e n t r a l  and western break suggest t h a t  convergence may occur within 0.2 
km depth. Earthquakes i n  t h i s  region l i e  far below such s u r f i c i a l  complexi- 
t i e s ,  and indeed t h e  Imperial f a u l t  a t  t h i s  locat ion probably i s  very smooth 
and continuous a t  foca l  depths. 

The Imperial 

A t  t h e  A l l  American Canal t h e  dimension of t h e  zone of 

Trenching s tud ies  south of t h e  canal suggest t h a t  t h e  

The 1968 Borrego Mountain earthquake produced surface  ruptures  on two 
en echelon rupture  zones separated by 2 km, t h e  width of O c t i l l o  Badlands 
(Figure 5 ) .  Although t h e  d ips  of t h e  f a u l t s  marginal t o  t h e  badlands have 
not been observed e i t h e r  i n  na tu ra l  or a r t i f i c i a l  exposures, t h e  geometry of 
t h e  f a u l t s  and t h e  in tense  folding of Quaternary sediments i n  t h e  badlands 
suggests s t rong compression i n  a sense t h a t  i s  analogous t o  t h e  compressional 
r idges  between extensional  cracks on a "mole t rack."  I t  i s  q u i t e  poss ib le  
t h a t  t h e  two s t rands  of t h e  Coyote Creek f a u l t  converge t o  one zone, probably 
within a few kilometers of t h e  surface,  as shown i n  Figure 6. Epicenters of 
aftershocks of t h e  1968 event tend t o  confirm t h e  presence of a s ing le  shear 
surface beneath t h e  badlands (Hamilton, 1972, Fig. 13). That t h e  two should 
converge i n t o  a s i n g l e  f a u l t  resembling t h e  s u r f i c i a l  shears  probably i s  not 
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Figure 4 .  En echelon breaks i n  t h e  Imperial f a u l t  movement of  1940. Heavy 
l i n e  between A l l  American Canal and i n t e rna t i ona l  boundary shows pos i t ion  
of t rench .  



Figure 5. Two s t r a  
Quaternary sedim 
and Clark (1972) 
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Position 01 
ocotillo Badlondr 

Figure 6 .  Three-dimensional view of poss ib le  configurat ion f o r  Coyote 
Creek f a u l t  beneath O c t i l l o  Badlands. Distal ends of volume of 
s trongly compressed sediments ( s t ippled)  shown by dashed and dotted 
l ines.  Reproduced from Sharp and Clark, 1972, Figure 94. 
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a reasonable expectation.  
complexity a s  well a s  much wider than the  s u r f i c i a l  exposures of the  f a u l t s .  

The Dead Sea rift could be a po ten t i a l  example of major en echelon 

Quennell (1959) has argued such an 

The convergence may well be a zone of extreme 

f a u l t s  t h a t  have produced a zone of c r u s t a l  extension whose 12-16 km width 
i s  comparable t o  c r u s t a l  thickness.  
o r ig in ,  and, although Picard (1966) questions the  l a t t e r ' s  t ec tonic  mode of 
or ig in  of the  r ift ,  he shows t h a t  f a u l t s  on opposite s ides  of the  sea d ip  
toward one another a t  s teep  angles.  
Sea rift is a large- scale  example of downward convergence of separate  shears 
making up a complex zone of f a u l t i n g  a t  t he  surface.  

Discussion 

The p o s s i b i l i t y  remains t h a t  the  Dead 

The examples c i t e d  above and many others  not mentioned suggest t h a t  
over a broad range of s ca l e ,  t he  surface expression of a s t r i k e - s l i p  f a u l t  
w i t h  a l l  i ts  complexities may b e l i e  g rea t e r  large- scale  s impl ic i ty  a t  depth.  
I emphasize here t h a t  reduction of t he  number of f a u l t  s t rands i n  a downward 
converging zone does not necessar i ly  mean t h a t  the  in t e rna l  s t ruc tu re  i n  the  
zone becomes simpler a t  small s ca l e  o r  thinner  than the  sum of the  mult iple  
shears above. 
very complex rupture  zones near t he  surface i n  Holocene t o  Pleistocene 
mater ia l s  (see,  fo r  example, Sieh, 1978). Only a l imited number of s t r i k e-  
s l i p  f a u l t s  have had both h i s t o r i c  surface rupture  t h a t  was ca re fu l ly  docu- 
mented a f t e r  an associated seismic event and have been studied i n  d e t a i l  by 
trenching. 
had a r e l a t i v e l y  simple surface rupture  during the  Borrego Mountain ear th-  
quake of 1968. 
a t  l e a s t  18 branching or  en echelon f a u l t  s t rands i n  a zone about 30 m wide 
have been ac t ive  wi th in  the  l a s t  few thousand years ,  yet  i n  1968, only two 
of these exhibited new displacement (see Figure 7) i n  a rupture  zone only 
about 6 meters i n  width. 
excavated t o  grea te r  depth, might be expected t o  show an even grea te r  number 
of f a u l t  s t rands  across  an ever increasing width. 
and the  p o s s i b i l i t y  of increased t o t a l  s t r a i n  with depth contr ibut ing t o  
the  formation of gouge mater ia l s  of g rea t e r  width downward suggests a simple 
p i c tu re  of downward increasing width of t he  f a u l t  where large en echelon 

Trenching s tud ies  on many ac t ive  s t r i k e - s l i p  f a u l t s  suggest 

One such example, t he  Coyote Creek f a u l t  i n  lower Borrego Valley 

Trenching s tud ie s  of a small segment of t h i s  f a u l t  show t h a t  

By implication the  Coyote Creek f a u l t ,  i f  it were 

This r e l a t i o n  with depth 

\ p a t t e r n s  do not e x i s t .  

A d i f f e r e n t  r e l a t i o n  of h i s t o r i c  surface rupture  t o  e a r l i e r  events of 
s l i p  has been found by trenching the  Imperial f a u l t  near t he  U.S.-Mexican 
border. 
years ago have been broken only by f a u l t  s t rands  t h a t  moved i n  1940, with 
no suggestion of downward increase i n  t he  number of f a u l t  s t rands .  
we can conclude t h a t  there  must be grea t  v a r i a b i l i t y  i n  the  way individual  
f a u l t s  may behave i n  the  near surface a t  s p e c i f i c  locat ions and t imes,  we 
are  l e f t  w i t h  t he  well-documented f a c t  t h a t  s t r i k e - s l i p  f a u l t  zones, where 
exposed i n  old t e r r a i n s ,  a r e  much wider and more complex than the  same f a u l t  
zones in  young mater ia ls .  

Trenches a t  t h a t  locat ion showed t h a t  s t r a t a  of approximately 1000 

Although 
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Figure 7. Fault  s t rands of the  Coyote Creek f a u l t  a t  a locat ion i n  Lower 
Borrego Valley. 
within the  last 5000 years.  The l i n e s  with c i r c l e s  a r e  the  two s t rands 
t h a t  were reac t iva ted  i n  1968. The dotted l i n e  represents  the  boundary 
of trenching data  on the  exis tence of f a u l t s .  

The f a u l t s  shown by simple l i nes  have been ac t ive  
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